The semirigid vibrating rotor target model is applied to study the isotope effect in reaction HϩCH 4 →H 2 ϩCH 3 using time-dependent wave-packet method. The reaction probabilities for producing H 2 and HD product channels are calculated. The energy dependence of the reaction probabilities shows oscillating structures for both reaction channels. At low temperature or collision energies, the H atom abstraction is favored due to tunnelling effect. In partially deuterated CH x D y (xϩyϭ4), the breaking of the C-H bond is favored over that of the C-D bond in the entire energy range studied. In HϩCHD 3 reaction at high energies, the HD product dominates simply due to statistical factor.
I. INTRODUCTION
Currently, a major challenge in quantum reaction dynamics is to develop practical computational methodologies that are capable of giving quantitative dynamics results for polyatomic systems that are of chemical interest. For reactions beyond tetratomic systems, [1] [2] [3] [4] [5] [6] [7] [8] [9] it is essential to reduce the number of mathematical dimensions in quantum dynamics calculations. [10] [11] [12] [13] [14] [15] [16] Recently, the SVRT ͑semirigid vibrating rotor target͒ method was proposed as a general theoretical model, albeit approximate, to study polyatomic reaction dynamics. 17 First, the SVRT model is quite general and can be applied to polyatomic molecules with arbitrary number of atoms. Second, it treats the orientational motion of the system correctly and therefore preserves the correct stereodynamics. The SVRT method has recently been applied to a number of chemical reactions including HϩHOH͑D͒, 18 -20 HϩCH 4 , 21, 22 OϩCH 4 . 23 Detailed comparisons with the exact 6D calculation for the HϩH 2 O 18 and the branching reaction HϩHOD 19 demonstrated that the SVRT model can give quantitatively accurate results including the reaction probability, cross section, and rate constant.
Isotope effect in chemical reactions attracts much interest for a long time. Quantum tunnelling and zero-point energy shifts are the most common isotope effects that are often strongly displayed in certain systems. For example, for reactions at low temperature in which tunnelling is important, isotope effect is expected to be significant and prominently displayed when the effective mass of the coordinate along the reaction pathway changes through isotope substitution. Replacement of hydrogen by deuterium will significantly reduce the tunnelling effect in such reactions. Another common effect is the change of zero-point energy and vibration frequencies upon isotopic substitution. The zero point energy shift can have a significant influence on detailed dynamics of the reaction.
The reaction HϩCH 4 is an important combustion reaction and it has attracted much attention in both experimental 24 -26 and theoretical studies. [27] [28] [29] [30] [31] [32] [33] [34] Schatz and co-workers 27 study H 2 ϩCH 3 and its reverse reaction to investigate the isotope effects using transition state theory ͑TST͒. They found that for hydrogen reaction with CHD 3 to produce H 2 and HD products, the rate constants for two branches cross at about 600-700 K. In another study, Kurosaki et al. 30 recently calculated zero-point energy shifts along the reaction path for reaction CH 3 ϩH 2 →CH 4 ϩH ͑I͒ and CD 3 ϩH 2 →CD 3 HϩH ͑II͒. They concluded that both the height and width of the barrier for reaction II are smaller than those of reaction I.
In the present work, we employ the SVRT model to calculate reaction probabilities, cross section and rate constants for the first three reactions listed below 35 The generalized SVRT model ͑in five dimensions͒ has been applied to the HϩCH 4 reaction and the result proves that the basic SVRT model, with the proper choice of fixed internal coordinates, gives an accurate description of reaction dynamics. 35 The accuracy of these results have recently been verified by a more elaborate and higherdimension ͑7D͒ calculations. 36 Thus the basic SVRT model should be sufficiently accurately to investigate the isotope effects for the title reaction and for other polyatomic reactions as well.
͑1͒
Conforming to other theoretical calculations, the present quantum dynamics calculation is performed on the JG potential energy surface of Jordan and Gilbert 37 and the results are compared to reaction ͑4͒ taken from Ref. 21 . This paper is organized as follows: Section II gives a brief review of the mathematical treatment of the SVRT model for atompolyatomic reactions with specific application to the HϩCD 4 and HϩCHD 3 reactions. The result of numerical calculation and discussions are given in Sec. III. Section IV concludes.
II. THE SVRT MODEL FOR ATOM-POLYATOM REACTION
In the basic SVRT model for atom-polyatom reaction, only four degrees-of-freedom are explicitly included in the dynamics calculation. In this model, the Hamiltonian for reactive collision between the atomic projectile H and the
where is the reduced translational mass given by
and L is the orbital angular momentum operator. The SVRT Jacobi coordinates (R,r,,) for the HϩCH x D y system are shown in Fig. 1 . In the basic SVRT model, the angle ␣ in Fig. 1 is a parameter to be fixed ͑typically at the transition state͒. The internal Hamiltonian Ĥ T describes the rovibrational motion of the SVRT molecule CH x D y and is given by
where T is the reduced mass for the pseudovibrational motion of the SVRT molecule. 17 The numerical calculation for atom-polyatom reactive collision using the SVRT Hamiltonian of Eq. ͑1͒ can be carried out using the time-dependent ͑TD͒ wave packet approach. 38, 39 In the TD approach, one solves the TD Schrödinger equation
with the Hamiltonian defined in Eq. ͑1͒. Detailed descriptions on how to carry out the wave packet propagation and extract reaction probabilities are not repeated here. Interested readers can find detailed information on how to carry out numerical calculations for HϩCH 4 can be found in Ref. 21 .
III. RESULTS AND DISCUSSIONS
The above described SVRT model is applied to study the isotope reactions ͑1͒, ͑2͒, and ͑3͒. The current dynamics calculation explicitly includes 4 degrees-of-freedom, while the rest of the 12 degrees-of-freedom are fixed. Of these internal coordinates to be fixed, the angle ␣ in Fig. 1 is the most sensitive parameter. From previous studies on HϩH 2 O and HϩCH 4 systems, it is found that the value at or very near the transition state seems to be a good choice for this angle. In the current calculation, we choose the fixed parameter as follows: For reaction HϩCD 4 or HϩHϪCD 3 →H 2 ϩCD 3 , the angle ␣ is fixed at 107.45 degrees. This gives a potential barrier of 11.0 Kcal/mol, which is close to the experimental estimate of 11-12 Kcal/mol. 40 For reaction HϩDϪCD 2 H →HDϩCD 2 H, the target particle CD 2 H is not in C 3v symmetry, so we take the ␣ as the angle of a mathematically treated CD 2 H, and when the ␣ is fixed at 102.45 degrees, the CD 2 H is in its transition geometry which can give a potential barrier of 11.0 Kcal/mol. The CX͑XϭH,D͒ bond is fixed at the transition state value of 2.067 Bohr in all cases. After the geometry of the SVRT molecule is fixed, the TD dynamics calculation is carried out on this reduced 4D potential. The basis functions used is similar to that for HϩCH 4 . 21 The only difference is that the maximum rotational quantum state of the CH x D y molecule included in the basis expansion is j max ϭ38 which is sufficient to give a converged result. All the calculations are done on the High Performance Scientific Computing Server in the Center for Computational Chemistry and State Key Laboratory of Molecular Reaction Dynamics.
To facilitate the comparison of various results among different isotope reactions. Figure 2 shows the zero point energy shifts due to the different conditions of isotopic replacement as the four reactions ͑1͒-͑4͒. The vibrational frequencies is taken from the Jordan-Gilbert PES. 37 It is apparently that deuterium replacement of a hydrogen atom can lead reduce of vibrational frequencies and therefore zero point energy whether in methane or in transition state. And the drop of zero point energy from C-H to C-D is larger in methane than that in transition state, which makes the break of C-H bond easier than C-D bond.
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A. Reaction probabilities
We first study the reaction HϩCD 4 in which the four H atoms of methane molecule are replaced by deuterium. Figure 3 shows the total reaction probability from the reactant at ground state as a function of collision energy for total angular momentum Jϭ0. As standard in the SVRT treatment, the four D atoms of the CD 4 are treated as distinguishable, and the reaction probability obtained from a single reaction calculation is multiplied by a factor of 4 to account for individual contributions from all the equal and independent D atoms in CD 4 . Such procedure is also applied for reaction ͑3͒ in which case the probability from a single calculation is multiplied by a factor of three to account for three independent abstraction of D atoms. Comparison of reaction probability between HϩCD 4 and HϩCH 4 shows that the tunnelling at low energy is greatly reduced in HϩCD 4 , obviously due to the replacement of hydrogen by deuterium which is being abstracted. In addition, there is an effect of zero point energy shift. In fact, the decrease in zero-point energy by replacing H with D is larger in methane than in the transition state. This effectively decreases the reaction ability for HϩCD 4 reaction, as is mentioned by Schatz and co-workers in Ref. 27 . Besides, the increase of reaction threshold, the overall magnitude of the probability for HϩCH 4 reaction is also smaller than that for HϩCH 4 by about 20-30 percent. However, the resonancelike oscillating structure observed in reaction ͑4͒, 21 is well preserved in the HϩCD 4 reaction, as shown in Fig. 3 .
For the branching reaction HϩCHD 3 to produce both the H 2 and HD products, Figure 4 shows the comparison of reaction probability to produce H 2 product between two reactions. In order to provide a more meaningful comparison, we show probability for breaking a single C-H bond ͑without a multiplicative factor of 4͒ for the HϩCH 4 reaction in Fig. 4 .
As shown clearly, the threshold energy for abstracting a single hydrogen atom from CD 3 H is unchanged from CH 4 . This can be explained by the fact that the tunnelling and the zero point energy effect is practically unchanged in both reactions. At higher energies, however, the HϩCH 4 reaction still gives larger probability. Figure 5 shows the branch ratio of the H 2 and HD products for reaction HϩCD 3 H. In this figure there is a crossover of the reaction probabilities for two channels at collision energy around 0.53 eV before which the reaction produces more H 2 than HD. From the discussion above, the tunnelling and zero point energy effect factors the production of H 2 product at low energies. At higher energies, however, the HD channel dominates mainly due to the statistical factor ͑a factor of 3 was included in the HD probability in Fig. 5͒ 
B. Cross section and rate constants
For calculation of total angular momentum JϾ0, the CS ͑Centrifugal Sudden͒ approximation is employed and the dynamics calculation is carried out for J up to 45. These calculations can give total integral cross section from the initial ground state by the formula Figure 6 shows the total integral cross section for reactions ͑1͒, ͑2͒, and ͑3͒. Here, the threshold energy of reaction ͑2͒ is the smallest among three reactions while reaction ͑3͒ has the largest threshold energy.
We also calculate the reaction rate constants from the initial ground state of the reagent by the formula Figure 7 shows our calculated rate constants for reactions ͑1͒-͑4͒. Consistent with reaction probabilities and cross sections, the rate constant for HϩCH 4 reaction is the largest. It is interesting but not surprising to see that the rate constants of reactions ͑2͒ and ͑3͒ cross at about 600-700 K, which can also be seen in Ref. 27 low temperature the rate constant of reaction ͑2͒ is larger than ͑3͒, but at high temperature, rate for ͑3͒ exceeds ͑4͒. This is consistent with Fig. 5 which shows that tunnelling effect dominates at low collision energies, while statistical factor take over control at higher energies. And in Ref. 27 Schatz used the reaction path degeneracy factors and tunnelling and zero-point energy shifts to explain this.
͑6͒
IV. CONCLUSION
We applied the SVRT model to study isotope effect of HϩCH 4 →H 2 ϩCH 3 reaction on JG PES. 37 The SVRT study reveals the following result. ͑1͒ In general, the H-atom abstraction is preferred over that for D-atom abstraction in these reactions. ͑2͒ For branching reaction HϩCD 3 H →HDϩCD 2 H and H 2 ϩCD 3 , the H 2 channel product dominates at low temperature due to quantum mechanical tunnelling. At higher temperature, however, the DH product dominates due to the statistical factor. The basic SVRT model has shown to produce excellent results for the HϩH 2 O reaction 18, 19 and for the HϩCH 4 reaction, 21 although the umbrella vibration of CH 3 is not considered, it can also give out satisfactory results. Using a recently developed generalized SVRT ͑GSVRT͒ model, it was shown that the result of calculation for HϩCH 4 using the basic SVRT model ͑4D͒ is generally accurate. These results have been confirmed by a very recent calculation for HϩCH 4 using a more elaborate 7D model by Yang et al. 
